Abstract: Knowledge of contact angle hysteresis is important to the understanding of surface wettability and to controlling further surface wetting behaviour. The wettability can be affected by surface modification. This study is a look on surfaces modified by the usage of plasma. We describe the effect of plasma treatments on contact angle hysteresis by the use of Diffuse Coplanar Surface Dielectric Barrier Discharge (DCSBD). Modification of the surface was achieved using textile made from polyethylene terephthalate (PET). Results have shown that both advancing and receding contact angle were significantly reduced by the process. The contact angle hysteresis was decreased after the plasma treatment as was observed by measurement taken at various time intervals and this fact correspond with introduction of functional groups detected by X -ray photoelectron spectroscopy (XPS).
Introduction
The use of chemical fibers in industry has been expanding from modern apparel, medicine, aeronautics, energy industry to high performance applications. The dominant fibers used in technical textiles include polyethylene terephthalate fibers [1] . Since polyester fiber has superior strength and resilience, it has become one of the most important materials in various industries. But the molecular structure of the polyethylene terephthalate lacks polar groups, such as -COOH and -OH, which causes it to have low surface-free energy and poor wettability. The hydrophilicity is required for the applications of PET fibers in sorption related industries (such as in pre-treatment, dyeing, printing, spray, adhesion), therefore PET materials have to be modified to improve the wettability.
Surface modification by plasma treatment has opened up new possibilities in relation to wettability and adsorption of textile materials. The pre-treatment and finishing of textiles by plasma technologies becomes more and more popular as a surface modification technique [2] . It offers numerous advantages over the conventional chemical processes. Plasma surface modification does not require the use of water and chemicals, resulting in a more economical and ecological process. The enormous advantage of plasma processes concerns the drastic reduction in pollutants and a corresponding cost reduction for effluent treatment, so it can be considered as an environmentally benign technology [3] .
Plasma surface treatment causes changes to a limited depth a few nanometers at the surface because of the low level of penetration. The bulk properties of even the most delicate materials remain unchanged. This opens up possibilities for producing a wide spectrum of surface chemistries with desired compositions [4 -6] . Bessada et al. researched effect of continuous dielectric barrier discharge (DBD), in air at atmospheric pressure, at selected discharge power values and conveyor speeds on fabrics from polyethylene terephthalate and polyamide 6.6. The treatment changed the fabric surface chemistry, increasing its wettability by polar liquids and its oxygen content. Contact angle results showed different behaviour of the two polymer fabrics toward ageing effects [7] . Similarly, the study of the plasma treatment of woven commercial natural, synthetic and mixed fabrics, using a dielectric barrier discharge run in various environments (air, argon and nitrogen) at atmospheric pressure. The behaviour of the woven textile polymers examined was found to be very similar, under DBD treatment, to that of thin-film variants of the same polymers [8] . Prosyčevas et al. observed polyethylene terephtalate film surface relaxation after two different plasma treatment. They found that after direct plasma treatment the PET film wetting angle returns into its initial value. The change of wetting contact angle is related to the structure or chemical changes of the surface [9] and the effect of the modification dues mainly to the kind of the gases. Mainly, because of the contribution of hydrogen bonding force, the surface wettability of PET treated with O 2 , N 2 , He, and Ar plasma for a short time increase sharply, and the surface wettability is also improved by H 2 plasma treatment; but the CH 4 plasma treatment does not improve the wettability of PET [10] .
The wettability of a solid surface can be characterized by the contact angle of a liquid on the solid surface. Thomas Young proposed that the contact angle of liquid is the mechanical equilibrium of a drop resting on a plane solid surface at the three-phase boundary [11] . The relation of interfacial energy is known as the Young equation:
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LG cos (1) where γ LG is the interfacial energy between the liquid and the gas, γ SG is the interfacial energy between the solid and the gas and γ SL is the interfacial energy between the solid and the liquid. Equation (1) can be applied only for solids with homogeneous surfaces, perfectly plane and smooth, rigid and which are not affected by the probing liquid or liquid components (chemical reaction, dissolution). In real cases metastable states exist, so that it is impossible to measure a single equilibrium contact angle, rather a wide set, comprised between two extremes: The advancing contact angle θ A and the receding contact angle θ R . The difference between the two is called contact angle hysteresis H [12 -14] :
In this study, material was treated by using Diffuse Coplanar Surface Dielectric Barrier Discharge (DCSBD). In recent years, low temperature atmospheric pressure plasma surface treatments (APPSTs) have become a hot topic because of the potential of fast and efficient in-line fabrication without expensive vacuum equipment [15, 16] . DCSBD plasma source has been developed with the idea of generating a thin (on the order of 0.1 mm) layer of plasma with high power density in the immediate vicinity of the treated surface and bringing it into a close contact with the treated surface.
A schematic diagram of a DCSBD electrode system designed for ambient air plasma generation is shown in Fig. 1 . Two systems of parallel striplike electrodes (1.8 mm wide, ~ 0.1 mm thick, 230 mm long, 0.4 mm strip to strip; silver) were embedded in 96% alumina using a green tape technique. The thickness of the ceramic layer between the plasma and electrodes was 0.4 mm. Sinusoidal high frequency highvoltage ~10-20 kHz, up to 15 kV peak to peak, was applied between the electrodes [17] . 
Results and discussion
The effects of plasma treatment on the surface wettability of a used textile is investigated by contact angle measurements. It can be seen in Figure 2 and Figure  3 , that the plasma treatment significantly alters the surface wetting behavior of the PET fibers. The untreated PET textile has an average advancing contact angle of about 98°, while plasma treated sample shows an average advancing contact angle of about 46° in time 5 min. after treatment. Fig. 2 also shows other advancing contact angles measured in specific time intervals after treatment. The decrease in both advancing and receding contact angles is caused by the formation of hydrophilic groups on the PET fiber surface. We observed that the hysteresis more or less decreased with the volume increase in measurement time following treatment (see Fig. 4 ). For example, the behavior of a drop volume of 10 μl measured 38° 5 min. after treatment, 64° 60 min. and 68° one day after plasma treatment. The hysteresis for untreated textile is 81°. The change of contact angle hysteresis is attributed to changes in the surface resulting from plasma treatment, as shown in Fig. 4 . 
Hysteresis of contact angles
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For the better insight on the involved processes was necessary to implement the XPS analysis of the samples. The functional groups are formed on the textile surface after oxygen plasma treatment. From Fig. 5 we can observe the examined textile surface using XPS. The C 1s spectrum for untreated PET textile (see Fig. 5a ) consists of three distinct peaks: C1 peak -the carbon atoms in phenyl ring (284.78 eV), C2 peak -the methylene carbon atoms singly bonded to oxygen (286.84 eV) and C3 peak -the carbon atoms bearing to ester and carboxylic groups (288.73 eV).
(a) (b) (c) The oxidation on the treated textile is demonstrated by the increase in intensity of the C2 and C3 peaks compared to the C1 peak (Fig. 5b) . The increase is caused by a bond scission and incorporation of oxygen into the PET surface, this leading to the formation of additional functional groups (Table 1 ). This corresponds with results of other authors [9, 18, 19 ] . The surface is more affected by polar liquids, and that is why the contact angle hysteresis measured 5 min after treatment have the lowest values. The values of contact angle hysteresis gradually approaches this status before plasma treatment, because the plasma treatment is not permanent. From the XPS spectra (Fig. 5c ) obtained after 28 days of storage (in ambient air at room temperature) and similarly, from Table 1 we can observe the decrease of C2 and C3 peaks and increase of C1 peak. The reasons for this ageing of plasma treatment over time can be reorientation of polar groups at the surface, reaction of free radicals from the atmosphere with the surface and the diffusion of polar groups from the surface into the bulk. The of ageing was monitored by contact angle measurement already in 1 day of measurement after treatment (see Fig. 3 -4) . 
Conclusions
The wettability of materials is characterized by its contact angle. The contact angle is very important parameter in surface science. The state of material surface influences liquid adsorption and as a result is observed the contact angle hysteresis.
Polyester fiber has several special characteristics, such superior strength and resilience. Therefore it is often used in various industries. In order for the applications of PET in wetting processes, materials have to be modified to improve their wettability. New possibilities for surface modification are achieved by using plasma treatments.
In this study, PET textiles were treated with atmospheric plasma for studying surface wettability and contact angle hysteresis. The effect of plasma treatments on the wetting behavior of the textiles was characterized by using contact angle measurements. As is seen from results of contact angle measurement, the plasma treatment lead to significant increase of wetting. The use of XPS clarified the effects of plasma treatment on the PET textile concerning the changes of the surface: The scission of bonds and incorporation of oxygen into PET surface leading to the formation of new functional groups on surface.
The effect of shelf life on the plasma treated surfaces of PET textile was also studied by measuring the contact angle variation with storage time. The contact angle values showed that the plasma treatment is not permanent, is subject to ageing. The values measured 5 min after treatment significantly differ in values determined after 1 day of storage time.
Based on our observation, we can say that the plasma treatment has an effect on surface wettability. This increase of wettability at PET is very good for pre-treatment and finishing operations. It would be appropriate to use this phenomenon in the shortest time after treatment, because plasma treatment is not permanent.
In any case our results appear to be in agreement with the many experiments in literature.
Experimental part
The material preparation
The plasma treatment was used to test the effects of treatment on the behavior of wetting on the textile surface manufactured from polyethylene terephthalate (Silk&Progress). PET fibers, which have been increasingly used in textile industries for a variety of applications, and the surface properties of these polymer fibers make them of especial importance in various applications.
The wowen fabric used for testing was made from monofilaments, because the contact angle could be affected by the yarn's hairiness and the yarn's twist (see Fig.  6 ). Before the experiment the samples were first washed in distilled water followed by extraction in Dichloromethane G. R. stabilized (Lach -Ner). The treatment was performed in a DCSBD plasma treatment machine by using atmosphere as a medium at a atmospheric pressure of 101.325 kPa, samples were treated at 440 W for 15 s. 
The contact angle measurement
The advancing and receding contact angles were measured by using the See System (see Fig. 7 ) produced by Advex Instruments Ltd. in Czech Republic. The sessile drop method was applied to measure the contact angles. 
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For the contact angle measurements, distilled water with a surface tension of 72.5±0.2 mN.m −1 at 20 °C was used. A drop of water was placed on a material surface using a microsyringe. The advancing angle was measured after each volume increment (5 μl). The drop volume was increased up to 50 μl. The receding contact angle was measured after each removal of a specific water volume (5 μl) from the drop leaving up to 5 μl of the residual volume on the surface (see Fig. 8 ).
To determine the wetting behavior of plasma treated material, the contact angles were measured at specific time intervals: 5 min. after plasma treatment, 60 min. and 1 day after treatment. Then was determined by the values of the contact angle hysteresis from the advancing and receding contact angles.
X -ray photoelectron spectroscopy (XPS)
Changes in chemical composition of the textile surfaces were determined with XPS using a EscaProbeP instrument (Omicron Nanotechnology Ltd.), equipped with a monochromatic Al Kα X-ray source (1486.7 eV) in ultra high vacuum at pressures about 10 -10 mbar.
